Magnesium re ning processes are typically based on the use of uxes, most of which contain MgCl 2 , KCl, NaCl, CaCl 2 , or BaCl 2 . These uxes separate the surface oxides, gases, or other contaminates from the metal. The most important physical and chemical properties of a salt melt are the fusibility, density in the operating temperature range (920-1023 K), and viscosity. Therefore, in this study, the physical and chemical properties of various molten salts were examined to nd a new re ning ux with a low melting point, low viscosity, high reactivity, and good melt protection using thermodynamic calculations and various experiments using inductively coupled plasma emission spectroscopy, scanning electron microscopy-energy dispersive spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. In addition, the effects of the chemical composition of the ux, amount of ux, uxing temperature, and stirring time and intensity on the re ning process of molten magnesium were studied. The optimized conditions for the Mg re ning process resulted in a ternary ux system with 31 mass% MgCl 2 , 60 mass% KCl, and 9 mass% NaCl, through the addition of 1 mass% CaF 2 and 5 mass% MgO, and stirring at 150 RPM for 15 min at 953 K.
Introduction
Molten magnesium often contains a variety of metallic and non-metallic inclusions, which have weak wettability with molten magnesium 1) . Therefore, they are suspended in the melt and act as nucleation sites for the formation of porosity, etc. 2) . The presence of inclusions and intermetallic particles affect the melt uidity and reduce the performance of the riser 3) . Inclusions also reduce the corrosion resistance and toughness of the cast parts 2) . A wide range of inclusions can be found in magnesium melts, including oxides, nitrides, carbides, borides, chlorides, and uorides, as well as Ca, Fe, and Ni 4, 5) . In particular, Ca inclusions are due to the use of dolomite (MgCO 3 ·CaCO 3 ) during the smelting process. Ca easily reacts with oxygen, and the oxidation that occurs leads to metal losses and may contaminate the melt. To remove these inclusions or impurities, mixed salts (i.e., ux) are widely used in the magnesium industry. The main component of such a ux is MgCl 2 , KCl, or NaCl, along with small quantities of uoride, sulfate, and a fusing agent. Table 1 lists the characteristics of the uxes used in the re ning of magnesium, and Table 2 lists the typical compositions of the re ning uxes produced by Dow Chemical, which is a representative magnesium re ning company. These uxes focus on low melt temperatures and a density higher than that of the metal to be re ned. The mixed salts of the MgCl 2 -KCl-NaCl system, with the addition of weighting salts such as barium chloride and calcium chloride (which have densities at 293 K of 3.92 and 2.51 g cm −3 , respectively), meet these requirements. Only half as much BaCl 2 is needed compared to CaCl 2 to achieve an equivalent increase in the salt melt density. However, BaCl 2 is toxic. Therefore, most producers avoid barium chloride and use calcium chloride despite salt melts containing up to 40 mass% CaCl 2 showing inferior properties. Melts containing calcium chloride at more than 20 mass% are more viscous and hygroscopic than melts of the same density containing barium chloride. In addition, a ux system that excludes BaCl 2 and CaCl 2 but still has the ability to remove inclusions is necessary to prevent environmental pollution.
In the re ning process, these uxes are placed into the bottom of a crucible, and magnesium ingots are placed on top of them. Molten magnesium droplets pass through the layer of molten ux during the melting process, which allows some inclusions on the surface of the magnesium droplets to be removed. The inclusions tend to be transferred from the molten magnesium to the molten ux according to the thermodynamic theory. On the other hand, the inclusions in the middle of the molten magnesium droplets cannot be removed because they have no opportunity to come into contact with the ux. Therefore, the main drawback with using a ux is the inadequate contact between the ux and the molten magnesium, which reduces the inclusion removal ef ciency 6) .
This study examined the chemical composition of a salt ux for use in magnesium re ning to remove calcium, which is one of the impurities, without the use of BaCl 2 and CaCl 2 . First, Factsage was used calculate the thermodynamics and compare the variation in the properties of the ux in relation to the addition of BaCl 2 and CaCl 2 . In addition, the optimum chemical composition of the ux, amount of ux, uxing temperature, and stirring time and intensity in the re ning process for molten magnesium were suggested based on inductively coupled plasma emission spectroscopy (ICP-AES), scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) analyses.
Thermodynamic Analysis
The salt uxes applied in this study were chosen based on the chemical compositions of commonly used uxes in the magnesium re ning processes. They included MgCl 2 , KCl, NaCl, and CaF 2 , as listed in Table 1 . Databases from the Facility for the Analysis of Chemical Thermodynamics (FACT) were used to calculate the phase diagram and reaction product to predict the appropriate composition for the salt ux, including a low melting temperature and reaction with impurities. The molten salt phase contains all the components in the FTsalt databases. The modi ed quasichemical model is used [7] [8] [9] [10] [11] [12] [13] [14] , generally in a quadruplet approximation 14) , which considers the short-range-ordering among rst-nearest-neighbor cation-anion pairs and second-nearest-neighbor cationcation and anion-anion pairs. For example, the FTsalt databases contain data for pure salts and salt solutions of 21 cations (Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, NH 4 , Mn, Al, Fe(II), Fe(III), Co, Ni, Zn, Pb, La, Ce, and Nd) and 8 anions (F, Cl, Br, I, NO 3 , OH, CO 3 , and SO 4 ), as well as for dilute solutions of O 2− and OH − in the molten salt phase. Not all of the binary and ternary sub-systems have been evaluated and optimized, nor have all the composition ranges been covered. Sub-systems that have not been evaluated and optimized have been assumed to be ideal or approximated. Therefore, to select and optimize the composition of a re ning ux, the ux compositions were calculated at a low temperature with high reactivity.
Experimental Procedure

Viscosity analysis
The re ning ux compositions predicted by thermodynamic calculations were examined by measuring the viscosity. A viscosity analysis identi ed a melting zone and determined the uidity of the re ning ux. The viscosity was measured using a rotating spindle connected to a rheometer. A calibrated Brook eld digital viscometer (model LVDV-II+) with a full-scale torque of 6.737 × 10 −5 N·m was used. The viscometer head was connected to the working spindle by two Pt-10 mass%Rh hooks. The suspending wire and spindle used in the experiments were made from Pt-10 mass%Rh. Table 3 lists the dimensions of each component.
Flux re ning process
A ux re ning process was also conducted to examine the effect on the selected ux of purifying Ca, which is a representative impurity in a magnesium melt. To vary the purity of the magnesium ingots, commercial Ca powder was used to prepare magnesium with different Ca contents. The pre-alloyed magnesium ingots were melted in a crucible (Φ100 mm × L2000 mm) using an electric furnace. The selected uxes were heated together to the experiment temperature in the electric furnace. The uxes with various weights were placed into a crucible for each treatment process. The ux components are listed in Table 4 . The pre-alloyed magnesium (1000 g) was placed into the crucible. After being held at the experiment temperature, the melt was re ned at 953 K, 983 K, and 1000 K, held at that temperature for approximately 20 min, and stirred for 5, 10, 15, and 30 min. For the sedimentation of inclusions, after being held at the temperature for 60 min, the melt was cooled to solidify the ingot in the crucible. The solidi cation processes under air cooling were carried out with the continuous injection of protective gas at room temperature. To protect against the oxidation of the melt surface, SF 6 gas was used as a cover gas, along with CO 2 gas, as used as listed in Table 5 . In addition, the processing parameters are listed, including the stirring and settling conditions. Table 6 lists the chemical composition of the magnesium used as the charging material. Figures 1, 2 , and 3 show the experimental process, crucible design, and analysis methods for the solidi ed specimens, respectively. The impurity elements of the re ned magnesium were determined using ICP-AES (IRIS-1000 type), and the quantities of the non-inclusions were counted using image analysis software. In addition, the shape and size of the inclusions were observed by scanning electron microscopy (SEM, EDAX-S-520), and the phase identi cation of the inclusions was carried out by X-ray diffraction (XRD, Rigaku DMAX 2500) using Cu-Kα operated at 40 mA and 40 kV, with a step size of 20 -90 2θ at 3 increments. An analysis of the dross was conducted using XPS and SEM-EDS. 
Results and Discussion
Thermodynamic analysis to predict melting point and reaction products
The re ning uxes were initially designed based on the magnesium chloride-potassium chloride binary system, which exhibits the three low melting point eutectics shown in Fig. 4(a) : the rst, second, and third at approximately 0.5 mole, 0.4 mole and 0.32 mole magnesium chloride, respectively [16] [17] [18] [19] .
Another ux was designed based on the magnesium chlo-ride-sodium chloride binary system, which exhibits the two low melting point eutectics shown in Fig. 4(b) : one at approximately 0.32 mole and the second at approximately 0.5 mole magnesium chloride [20] [21] [22] .
The phase diagram of the MgCl 2 -KCl-NaCl system was calculated under 1 atm and from 370 K to 1200 K using Factsage, as shown in Fig. 5 . The compounds predicted were KMgCl, K 3 Mg 2 Cl 7 , NaMgCl 3 , and Na 2 MgCl. This study attempted to produce uxes containing CaCl 2 and BaCl 2 based on the MgCl 2 -KCl-NaCl system phase diagram. In addition, the effects of free-NaCl and free-KCl were investigated. Seven different ux compositions were selected by referencing the phase diagrams, as listed in Table 7 , which were expected to have a melting point below 700 K. The numbers (4, 5, 6 and 7) given in the phase diagrams in Fig. 5 (a)-(d) mark the compositions of the selected uxes. In addition, to determine the reactivity of the ux and impurities, reaction products under the various conditions, including different ux compositions and temperatures were calculated using Factsage. As a result, all of the ux compositions reacted with Ca, such as KCaCl 3 , CaCl 2 , and CaBaCl 4 . Therefore, these uxes were involved in chemical reactions and absorption. However, Fe had no reaction with the re ning uxes under consideration. Under 973 K and 1 atm, this reaction can be expressed as follows (8) 
Viscosity analysis of ux system
The objective of measuring the viscosity was to verify the thermodynamic predictions such as the melting point and compound formation of the uxes. The goal was to better understand the change in viscosity with the temperature and composition of the ux. Figure 6 shows the changes in viscosity of various ux compositions as a function of the temperature. In a binary or ternary ux composition, the effect of the ux concentration on the viscosity was not as pronounced. On the other hand, the viscosities of the binary ux compositions were higher than those of the ternary ux compositions. Therefore, the binary uxes had better uidity than the ternary uxes. In addition, the viscosities of all the uxes increased with decreasing temperature, and increased abruptly at a speci c temperature, which is known as the crystallization tem-perature, solidi cation temperature, break temperature, etc. 23) . The viscosities of the molten uxes greatly depended on the relative fraction of the ux composition. In addition, all of the molten uxes had lower melting points and viscosities than the molten magnesium.
Re ning ef ciency of various uxes
The compounds formed in the ux and inclusions were determined by the chemical reactions because the fused ux reacted with impurities in the molten magnesium. This is described in Figs. 7, 8, and 9 . First, Fig. 7(a) and (b) shows the relationship between the Ca removal ef ciency and a binary ux addition during the re ning process. As shown in Fig. 3 , a sample located in the center of the top section of a solidi ed specimen was analyzed to determine the Ca concentration in the melt using inductively coupled plasma optical emission spectrometry. The Ca removal rate in the Mg after re ning can be described using the following formula (14) where Ca o is the initial quantity of Ca in the sample, and Ca r is that in the residual magnesium. The results suggest that the Ca removal ef ciency in Mg increases with an increasing amount of ux. After stirring for 30 min, the Ca removal efciency was higher than that after stirring for 15 min. On the other hand, at concentrations greater than 10 mass%, the Ca removal ef ciency was relatively constant. The changes in the Ca removal ef ciency showed no identi able trend according to the re ning temperature. The Ca removal ef ciency showed the highest value of approximately 75% under re ning conditions with a ux content of 12 mass% and stirring for 30 min.
The results such as the improved removal ef ciency with increasing stirring time and ux content suggest that the Ca inclusion had a greater opportunity to come into contact with the ux, leading to a low inclusion removal ef ciency. Therefore, the most important factor concerning the use of ux is adequate contact between the ux and the inclusion of the molten magnesium. The Ca removal ef ciency was assumed to have a certain limitation in a binary ux composition. Figure 8 shows the XRD peaks of the unused and used binary ux in the re ning process. The unused ux added inclusions such as Ca, Ni, and Fe, as shown in the sludge of Fig. 7 . The XRD patterns were compared with those of a re ned Mg specimen. After re ning, the XRD patterns were investigated, and the positions of the solidi ed specimens from the sludge were consistent with the XRD pattern of the unused ux. Inclusions were also detected in the sludge and middle. Therefore, the sludge and bottom should contain inclusions. In addition, compounds in the ux and inclusions were found because the fused ux reacted chemically with the inclusions. On the other hand, no inclusions were detected in the sludge. Therefore, the inclusions will need to be removed from the molten magnesium by sedimentation. Figure 9 (a) shows the relationship between the Ca removal ef ciency and the change in a ternary ux composition. The melt was re ned at 953 K, 983 K, and 1003 K, and stirred for 5, 10, 15, and 30 min at 150 RPM. Figure 9(b) shows the relationship between the Ca removal ef ciency and the change in the stirring intensity of the stirrer. The melt was re ned at 953 K, 983 K, and 1003 K, and stirred for 5, 10, 15, and 30 min in the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux system. The results suggest that the Ca removal ef ciency in Mg increases with decreasing MgCl 2 content ( Fig. 9(a) ).With increasing stirring time, the Ca removal ef - ciency in Mg also increased after the re ning process. On the other hand, there was no improvement with a change in the temperature of the Mg melt. After a certain stirring time, the Ca removal ef ciency was relatively constant. Figure 9 (b) shows the Ca removal ef ciency according to the stirring intensity of the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux. The Ca removal ef ciency was higher at a stirring intensity of 100 RPM or 150 RPM at 953 K. The other conditions were kept constant after approximately 15 min. A previous study suggested that the Mg recovery increases with increasing MgCl 2 content up to a certain point, but beyond this concentration, a further increase in MgCl 2 leads to a lower recovery 24) . The reasons for this are the high reactivity of the MgCl 2 and H 2 O. In the presence of air, the magnesium in the ux will react with oxygen and moisture to form magnesium oxide. The magnesium oxide content in the ux increases constantly by this reaction. At the same time, magnesium chloride also reacts with oxygen and moisture via the following reactions: 
[Overall reaction]
The ΔG o of these reactions decreases with increasing temperature, as shown in Fig. 10 . Therefore, the reactions lead to a constant consumption of ux over time. This can improve the overall Ca removal ef ciency. Figure 11 shows the change in the MgO content according to the process conditions such as the temperature and stirring time. The MgO content increased slightly with increasing melt temperature and stirring time. The MgO content decreased through absorption in the settling process, such as a low melt temperature. Therefore, the most important factor in the Mg re ning process is the settling of the Mg melt. It is very important to select appropriate re ning conditions according to the working environment, such as the stirring intensity and time. Figure 12 shows the effects of MgO and CaF 2 additions to the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux. The results suggested that the Ca removal ef ciency de-creased with increasing CaF 2 content, whereas the Ca removal ef ciency increased with increasing MgO content. This was because CaF 2 should be a residue in Mg, and MgO should cause a dilution effect in Mg after re ning according to the following equation: 
Furthermore, this study examined the protective effect of the Mg melt in the selected ux compositions, as listed in Table 5 . Figure 13 shows the ignition time of the Mg melt without the use of a protective gas. The results suggest that the protective effect of a melt in the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux with the addition of MgO, CaF 2 , or MgO-CaF 2 was better than that of the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux alone. In particular, the ignition prevention time in the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux that included 1 mass% CaF 2 -5 mass% MgO was as high as approximately 3000 s. This was because they formed a protective layer on top of the melt as a result of surface tension. CaF 2 is normally heavier than liquid magnesium. However, when a larger amount of CaF 2 was added, the wetting tendency was reduced. The protective effect of the melt was diminished, as shown in Fig. 12 . Therefore, the proper use of CaF 2 is absolutely necessary. Figure 14 shows the chemical composition of the dross according to SED-EDS and XPS after ux re ning. The main composition consisted of Na, Mg, Cl, O, and F, as shown in Fig. 14(a) . The values measured by XPS corresponded to the peak positions for MgO and MgF 2 , as seen in Fig. 14(b) 15) . Therefore, the protective effect of a ux on the melt was attributed to the MgO and MgF 2 or slightly salty components.
Conclusions
To select and optimize the composition of a re ning ux, this study examined ux compositions with low melting points and high reactivities. Through thermodynamic predictions, seven different ux compositions were selected, which were expected to have melting points below approximately 700 K. All of the uxes had lower melting points than molten magnesium and formed compounds. This was similar to the results of the thermodynamic calculation and experiment. In addition, the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ternary ux was found to effectively remove Ca impurities in magnesium, resulting in an improvement in the Mg puri cation. The most appropriate conditions for the Mg rening process were stirring at 150 RPM for 15 min at 953 K. Flux systems containing 10 mass% MgO and 1 mass% CaF 2 -5 mass% MgO were investigated to determine the most appropriate conditions for the Mg re ning process with melt protection. Furthermore, the re ning process with 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux containing MgO showed an improved Ca removal ef ciency. An experiment that considered the ignition time of the Mg melt showed that the 10 mass% MgO or 1 mass% CaF 2 -5 mass% MgO addition combined with the 30 mass% MgCl 2 -61 mass% KCl-9 mass% NaCl ux had good ef ciency.
